ABSTRACT Fusion between viral envelopes and host cell membranes, which is mediated by special glycoproteins anchored on the viral membrane, is required for HIV viral entry and infection. The HIV gp41 fusion peptide (FP), which initiates membrane fusion, adopts either an a-helical or b-sheeted structure depending on the cholesterol concentration. We used phosphocholine spin labels on the lipid headgroup and different positions on the acyl chain to detect its perturbation on lipid bilayers containing different cholesterol concentrations by electron-spin resonance. Our findings were as follows. 1), gp41 FP affects the lipid order in the same manner as previously shown for influenza hemagglutinin FP, i.e., it has a cooperative effect versus the peptide/lipid ratio, supporting our hypothesis that membrane ordering is a common prerequisite for viral membrane fusion. 2), gp41 FP induces membrane ordering in all lipid compositions studied, whereas a nonfusion mutant FP perturbs lipid order to a significantly smaller extent. 3), In high-cholesterol-containing lipid bilayers, where gp41 FP is in the b-aggregation conformation, its effect on the lipid ordering reaches deeper into the bilayer. The different extent to which the two conformers perturb is correlated with their fusogenicity. The possible role of the two conformers in membrane fusion is discussed.
INTRODUCTION
Membrane fusion between viral envelope and host membrane is the required step during the infection of an enveloped virus, such as the human immunodeficiency (HIV) and influenza viruses. Blocking membrane fusion can lead to the development of new antiviral drugs. The viral membrane fusion system also serves as a model for biological membrane fusion systems, because it is relatively simple. Compared to a much more complicated system, such as a synaptic vesicle membrane fusion system (1-3), which involves several proteins, only one glycoprotein is involved in the viral membrane fusion process, though multiple copies of this protein are required to effect the process (4) (5) (6) . For this reason, the researcher can focus more on the protein-lipid interaction and the biophysical aspects of the lipid bilayer.
In viral membrane fusion systems, special glycoproteins located on the viral envelope are required to mediate membrane fusion (7, 8) . The major region of viral spike glycoproteins that interacts with lipid bilayers of the host is called the fusion peptide (FP). Another membrane-associated part of viral spike glycoproteins, the transmembrane domain (TMD), is permanently in the viral lipid bilayer. FPs interact with the host lipid bilayer only upon activation of the fusion process. Many FPs, such as those of influenza and HIV, are located at the N-terminus of the fusion subunit of the viral spike glycoproteins, whereas others, such as those of Ebola and avian sarcoma leukosis viruses, are internal sequences of the respective fusion proteins (9) . Despite their different locations and different triggering mechanisms, FPs are critical for mediation of membrane fusion.
It has been shown that insertion of FPs into the host membrane is critical for membrane fusion in that it can perturb the structure of the membrane. In previous studies, using electron-spin resonance (ESR), we measured the ordering in the headgroup and acyl chain regions in the lipid bilayer after influenza hemagglutinin (HA) FP insertion (10) . Our studies showed that the insertion of HA FP in dimyristoylphosphatidylcholine or 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) bilayers results in an increase of lipid order at pH 5 but not at pH 7. This result was consistent with experiments on planar bilayers using Fourier transform infrared spectroscopy (FTIR) (11, 12) . The advantage of the ESR experiments is that they allow determination of the depth of the FP effect in the lipid bilayer.
Compared to HA FP, the structure of HIV gp41 FP is more plastic. The HIV FP consists of 15 apolar residues, followed by another eight moderately polar residues. The FP can adopt either an a-helical structure or a b-sheeted structure, depending on the composition of the lipid, the peptide/lipid (P/L) ratio, and the temperature, etc. How lipid composition affects the secondary structure, and whether the helical structure or the aggregation structure mediates membrane fusion, are under debate. A recent article suggests that cholesterol is the critical factor: the FP adopts an a-helical structure when the cholesterol concentration is <30% and a b-sheet structure when the cholesterol concentration is >30%. It also showed that both structures induce membrane fusion, though the b-sheet structure does so more efficiently, especially with regard to content mixing, i.e., the fusion of the inner leaflets of two membranes (13) .
How the HIV FP perturbs the membrane structure remains unknown, and in this study, we show that the HIV FP increases the order of the lipid bilayer in both a-helical and b-sheet structure. However, the effect of the b-sheet conformer extends more deeply into the hydrophobic region of the bilayer. Our results, when compared with those on HA FP (10) , suggest that the ordering effect of FPs is common across different viruses and is a requirement for gp41-FPmediated membrane fusion.
MATERIALS AND METHODS

Materials
The lipids POPC and 1-palmitoyl-2-oleoyl-sn-gycero-3-phosphoglycerol (POPG), the chain spin labels 5PC and 14PC, and a headgroup spin label, dipalmitoylphospatidyl-tempo-choline (DPPTC), were purchased from Avanti (Alabaster, AL). Cholesterol was purchased from Sigma (St. Louis, MO). The peptide that corresponds to the first 23 residues of the N-terminal sequence of the LAV mal strain HIV-1 gp41 and its V2E mutant were synthesized by SynBioSci (Livermore, CA). Its I4C, A15C, and A21C mutants were synthesized by Peptide 2.0 (Chantilly, VA). The structure of the spin-labeled lipids and the sequences of the peptides are shown in Fig. 1 .
Sample preparation
The desired amount of POPC, POPG, cholesterol, and 0.5% (mol/mol) spin-labeled lipids in chloroform were mixed well and dried by N 2 flow. The mixture was evacuated in a vacuum drier overnight to remove any trace of chloroform. To prepare multilamellar vesicles (MLVs), the lipids were resuspended and fully hydrated using 1 mL of pH 7 buffer (50 mM Tris, 150 mM NaCl and 0.1 mM EDTA) at room temperature (RT) for 2 h. The desired amount of stock solution of the FP (1 mg/mL in DMSO) was added into the lipid dispersion. After 20 min incubation, the dispersion was spun at 13,000 rpm for 10 min to collect the pellet. The pellet was transferred to a quartz capillary tube for ESR measurement.
Peptide spin labeling
The desired amounts of FPs with cysteine mutations, I4C, A15C, and A21C, with a -GGGKKKK sequence in their C-termini were dissolved in 50:50 acetonitrile:buffer and mixed with 10-fold excess (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) dissolved in the same solution overnight in the dark at RT, as described previously (12, 13) . The spin-labeled peptides were purified using high-performance liquid chromatography. The spin-labeled peptides were confirmed by ESR and mass spectrometry. The spin-labeled peptides, which are designated as I4R, A15R, and A21R, were lyophilized and kept at À80 C before the experiments.
ESR spectroscopy and nonlinear least-squares fit of ESR spectra ESR spectra were collected on an E500 ESR spectrometer (Bruker Instruments, Billerica, MA) at X-band (9.5 GHz) using an N2 Temperature Controller (Bruker Instruments). For low-temperature ESR, each sample (~1 mg lipids with labeled peptides at 0.01 P/L ratio) was rapidly frozen in thin capillaries by quick submerging in liquid nitrogen before measurement. The ESR spectra from the labeled lipids were analyzed with the NLLS fitting program based on the stochastic Liouville equation (14, 15) using the microscopic-order-macroscopic-disorder model as in previous studies (10, (16) (17) (18) (19) . Two sets of parameters that characterize the rotational diffusion of the nitroxide radical moiety in spin labels are generated. The first set consists of R t and R jj , which are the rates of rotation of the nitroxide moiety around a molecular axis perpendicular and parallel, respectively, to the preferential orienting axis of the acyl chain. The second set consists of the ordering tensor parameters, S 0 and S 2 , which are defined as follows:
, where D 2,00 , D 2,02 , and D 2,0-2 are the Wigner rotation matrix elements and q and 4 are the polar and azimuthal angles for the orientation of the rotating axes of the nitroxide bonded to the lipid relative to the director of the bilayer, i.e., the preferential orientation of lipid molecules (10, 15) , and the angular brackets imply ensemble averaging.
S 0 indicates how strongly the chain segment to which the nitroxide is attached is aligned along the normal to the lipid bilayer, which is strongly correlated with hydration/dehydration of the lipid bilayers (16) . S 2 is the measurement of the molecular nonaxiality of the motion of the spin label. It was found to be much smaller than S 0 , with much less sensitivity to changes in the bilayer structure in our studies. Therefore, S 0 is the more important parameter for this study. The estimated error of S 0 from the NLLS fit for the spectra (the typical standard deviation obtained in the fitting) is~50.01.
We also performed pulsed ESR experiments on the labeled peptides on frozen samples at 60 K (20), and these are discussed in the Supporting Material.
RESULTS
The binding of gp41 FP increases the ordering of membranes
To examine the perturbation of the lipid bilayers by gp41 FP, we incorporated three different spin-labeled lipids into the membranes. DPPTC has a tempo-choline headgroup and the spin is sensitive to changes of environment at the headgroup region. 5PC and 14PC have a doxyl group in the C5 and C14 positions, respectively, of the acyl chain. They are sensitive to the change of environment in the hydrophobic acyl chain region at different depths. These three spin-labeled lipids have been used before, and their efficacy in detecting changes in membrane structure has been validated (10, (16) (17) (18) (19) .
We first studied the effect of HIV FP on POPC/POPG 4:1 MLVs. We used this lipid composition because its structure and fusogenicity have been well defined (13) . In that study, the secondary structure of the FP was examined by circular dichroism (CD), and the fusion activities were examined by Förster resonance energy transfer (FRET). The FP adopts an a-helical structure in membranes containing 0% cholesterol and has a moderate membrane fusion activity. As a control, we used a V2E FP mutant, which has been shown to be nonfusogenic (21). As shown in Fig. 2 , A-C, when the P/L ratio increases from 0 to 10 Â 10 À3 , the S 0 of the DPPTC and 5PC spin labels at 37 C and pH 7 increases significantly, whereas V2E exhibited almost no increase of S 0 in the headgroup region and no change in the acyl region at all. However, no change of S 0 in the core hydrophobic region (14PC) was observed even for wild-type HIV FP. The rotational diffusion rates, R t and R jj , and S 0 of 5PC, 14PC, and DPPTC in these conditions are listed in Tables S1-S6 in the Supporting Material.
This result is consistent with the study on influenza HA FP using the same method but on a different lipid mixture (10) . When in its activated condition at pH 5, HA FP induces an increase of S 0 of the headgroup and the shallower hydrophobic region, whereas it has no effect on the deeper hydrophobic region. It is not surprising that these two peptides exhibit a similar effect on the lipid structure, because they share a series of features and serve similar functions (7, 22) . b-Sheeted conformers perturb the membrane structure deeper in the hydrophobic region A previous study (13) shows that the FP adopts a b-aggregated conformation in lipid bilayers of POPC/POPG/Chol 5:2:3, and that the lipid mixing ratio (i.e., the extent of mixing of membrane lipids) induced by the b-sheeted conformer is higher than that induced by the a-helical conformer (~70% vs. 50%). We studied the effect of the b-sheeted conformers of the gp41 FP on the bilayers. As shown in Fig. 2 , D-F, when the P/L ratio increases from 0 to 10 Â 10 À3 , the S 0 of DPPTC, 5PC, and 14PC increases from 0.558 to 0.628, 0.411 to 0.482, and 0.152 to 0.284, respectively. The rotational diffusion rates, R t and R jj , and S 0 of 5PC, 14PC, and DPPTC in these conditions are listed in Tables S7-S12.
One clear difference between the effects of a-helical and b-sheeted conformers is that the b-sheeted conformer affects the lipid structure deeper in the hydrophobic region. This effect is exhibited at both 25 C and 37 C. Neither the HIV FP a-helical conformer nor the influenza HA FP, which also adopts a mostly helical structure, exhibits any effect in the core hydrophobic region.
Even in the headgroup region and the nearer hydrophobic region, the b-sheeted conformer exhibits a larger perturbation to the lipid than does the a-helical conformer. At 37 C, the DS 0,max for DPPTC in the membrane containing 0 mol % cholesterol is 0.051, whereas in the membrane containing 30 mol % cholesterol it is 0.070. The corresponding DS 0,max values for 5PC are 0.069 and 0.071, respectively. The difference at the lower temperature is even larger. At 25 C, the DS 0,max for DPPTC in the membrane containing 0 mol % cholesterol is 0.053, whereas in the membrane containing 30 mol % cholesterol it is 0.097. The corresponding DS 0,max values for 5PC are 0.053 and 0.12, respectively ( Table 1) .
The pattern of the extent of perturbation versus P/L ratio is also different. For the helical conformer, the increase in order parameter was fitted well with a typical sigmoidal function using Origin (OriginLab, Northampton, MA), whereas for the b-sheeted conformer, the perturbation versus P/L ratio curve is more complex. It appears to exhibit a two-stage increase. This may be explained by the structural and aggregative transition for the b-sheeted conformers. This two stage perturbation is clearest in the spectra of 14PC.
The other difference is that the b-sheeted conformers affect the membrane structure at a lower P/L ratio, indicating that the b-sheeted conformation is more efficient for inducing the change in the membrane structure. However, the C 1/2 , defined as the P/L ratio that induces 50% of the DS 0,max , is higher than that of the a-helical conformer (Table 1) . This also suggests a more complex dynamic of the b-sheet conformer.
Spectra from labeled peptides
To further investigate the structural transition as the P/L ratio in the membrane increases, we spin-labeled the A15C mutation of the FP and measured the ESR spectra in membranes containing both 0 mol % cholesterol and 30 mol % cholesterol. The peptide was prepared containing a highly polar and flexible sequence, -GGGKKKK (cf. Fig. 1 ), at the C-terminus to increase the solubility of the peptide; this is widely used and it has been shown not to affect the P/L interaction (13, 23, 24) .
As shown in Fig. 3 , the ESR spectra of A15R at RT in membranes containing 0 mol % cholesterol are nearly identical to each other over the P/L ratio range of 0.5 Â 10 À3 to 10 Â 10 À3 , indicating that the FP remains in a very similar conformation. This is consistent with the a-helical monomer conformation expected over this range. However, when the spectra for FP in membranes containing 30 mol % cholesterol are compared, one finds that those for 1.5 Â 10 À3 to 10 Â 10 À3 P/L ratio are similar, but that they are significantly different from that for 0.5 Â 10 À3 P/L ratio. In fact, the latter is almost identical to the comparable spectrum at 0 mol % cholesterol. Previous studies have shown that for 33 mol % cholesterol, the FP can adopt the b-sheet structure involving FP aggregation when the P/L ratio is >1.25 Â 10 À3 (25). Thus, we attribute the substantial broadened component seen for P/L ratios greater than this to the b-sheet conformers, with the nitroxides of the aggregated peptides yielding significant broadening from their The a-helical and b-sheeted percentages are calculated from the CD experiments at 10 Â 10 À3 P/L ratio. The lipid mixing ratio and contents mixing/leakage ratio are defined as the ratio of maximal fluorescence intensity increase induced by HIV FP to maximal fluorescence intensity increase induced by detergent. The lipid mixing rate is defined as the initial lipid mixing ratio percentage per second. DS 0 is the difference of order parameter of membranes with and without FP binding at 10 Â 10 À3 P/L ratio. The sharp signal seen in these spectra is possibly a small amount of FP in the aqueous phase. This is not seen in any of the 0%-cholesterol spectra. Since one expects the 0%-cholesterol membranes to be in the liquid-disordered phase and the 30%-cholesterol membranes to be in the liquid-ordered phase and therefore less accepting of the peptide, this spectral feature seems to be a reasonable consequence of reduced solubility of the FP. We do note that there is an underlying broad component in the spectra with 0% cholesterol, but its source is uncertain. Also, our results with 30% cholesterol indicate that a certain amount of a-helical monomer persists in these membranes. Note that CD experiments show that there is an~10% content of a-helical conformer in 30%-cholesterol membranes at 10 Â 10 À3 P/L ratio (cf. Table 1 ). This structural transition of the FP from low to high P/L ratio in 30%-cholesterol membranes could lead to an explanation as to why the FP perturbs the membranes containing 30 mol% cholesterol in two stages, as discussed in the previous paragraph.
Overall, our observations indicate that the conformational behavior of the spin-labeled FP is quite similar to that of the unlabeled FP, because both ESR and CD (13) show aggregation for 30%-cholesterol samples.
The nonfusion mutant is unable to perturb the hydrophobic region
To determine whether the perturbation of the membrane by the FP is significant for the function of the FP, we used a V2E mutant as a control. The V2E mutant is known to lack fusogenicity (26). The peptide was incorporated into membranes containing both 0 mol % and 30 mol % cholesterol. As shown in Fig. 2 , whereas the V2E mutant has a much smaller effect in the headgroup region, it has essentially no effect on the lipid structure in the acyl chain region. This result confirms that the perturbation of the membrane by the FP is related to its fusogenicity. The rotational diffusion rates, R t and R jj , and S 0 of 5PC, 14PC, and DPPTC in these conditions are listed in Tables S16-S21. b-Sheeted conformers have a stronger effect on the structure of the membrane
To further compare the membrane ordering effect in membranes with different cholesterol concentrations, we repeated our experiments in membranes containing 10 mol % and 20 mol % cholesterol. As shown in Fig. S2 , the FP increases the lipid order in the headgroup and the upper hydrophobic region, but not in the lower hydrophobic region. The change of S 0 for DPPTC and 5PC is similar to that in the membrane containing 0 mol % cholesterol and smaller than that in the membrane containing 30 mol % cholesterol. No perturbation to the core hydrophobic region was observed. These results are consistent with the hypothesis that the a-helical conformers have practically no effect on the lipid order in the lower hydrophobic region.
The HIV FP also affects the structure of natural lipid membranes
To determine how the HIV FP perturbs a natural lipid membrane, we examined its effect in MLVs made from bovine liver lipid extract (LLE). The LLE contains not only PG but also significant amounts of other negatively charged lipids, such as phosphoinositol (PI) and phosphoserine (PS). The concentrations of PI þ PE and PS are~32% and 6% (Avanti http://www.avantilipids.com (19)), close to those in T-cell membranes infected by HIV (27). Thus, it is a suitable representative natural lipid. The LLE contains~7% cholesterol (Avanti, http:// www.avantilipids. com). As shown in Fig. S3 , the FP increases the lipid order from~0.18 to 0.22 in the headgroup region and from~0.44 to~0.49 in the upper hydrophobic region, but it has no effect on the lower region. The perturbation is thus similar to that for the 0%-cholesterol membrane, which is consistent with the hypothesis that the helical conformers affect only the upper hydrophobic region. The rotational diffusion rates, R t and R jj , and S 0 of 5PC, 14PC, and DPPTC in these conditions are listed in Tables S13-S15 .
Temperature change modulates the change in membrane perturbation
To determine whether temperature affects the FP's ability to perturb membrane structure, we measured the ESR spectra of lipid spin labels in membranes containing 0 mol % cholesterol and 30 mol % cholesterol with and without HIV FP at 10 Â 10 À3 P/L ratio at different temperatures between 20 C and 37 C. The order parameter difference, DS 0 , was calculated as the S 0 of the membrane with HIV FP at 10 Â 10 À3 P/L ratio minus the S 0 of the membrane without HIV FP. As shown in Fig. 4 , the ability of the FP to perturb the membrane decreases with the decrease in temperature, which is consistent with the fact that fusogenicity decreases when the temperature decreases (28).
The exception is for 5PC in the membrane containing 30 mol % cholesterol, where the DS 0 initially increases with the decrease in temperature from 37 C to 25 C, then decreases when the temperature goes below 25
C. This would appear to be abnormal, but it can be explained. The b-sheeted conformers drive the membrane fusion partly by perturbing the lower hydrophobic region. As the temperature decreases, its ability to perturb the lower hydrophobic region could decrease because of its reduced ability to penetrate into the deeper region due to the increased density. Instead, it stays more in the upper hydrophobic region and gains increased ability to perturb this region. Since perturbing the deeper membrane region is more effective in driving membrane fusion than perturbing the shallower region, the overall fusogenicity still decreases when the temperature decreases.
b-Sheeted conformers insert more deeply than helical conformers
The membrane insertion of the a-helical conformers was determined by power-saturation ESR for I4C, L7C, I12C, and A15C spin-labeled HIV FPs (13) . The results indicate that the helical conformers insert into the membrane shallowly and almost horizontally on the interface of the hydrophilic headgroup region and the hydrophobic region.
We exploited low-temperature ESR to determine the relative insertion depth of the b-sheeted conformers in the membrane. When the temperature decreases to 90 K, the spectra of frozen samples of labeled FP reach the rigid limit. The 2A zz is directly measurable at the magnetic frequency between the minimum of the high field and the maximum of the low field. With the exception of polarity, all factors that affect the value of outer splitting, 2A zz , are frozen in the rigid limit (20). A larger 2A zz indicates a more hydrophilic environment and a smaller 2A zz indicates a more hydrophobic environment. The hydrophobic environment indicates a deeper region in the bilayer. Thus, we correlated the 2A zz value with the insertion depth.
We spin-labeled three different positions of the FP, I4C, A15C, and A21C (cf. Fig. 1 ), which are located at the N-terminal, middle, and C-terminal regions of the a-helix, respectively, based on the NMR structure in sodium dodecyl sulfate micelles (29). We mainly compare the spectra of those peptides at 5 Â 10 À3 P/L ratio in membranes containing 20 mol % and 30 mol % cholesterol. We preferred the membrane containing 20 mol % cholesterol over that for 0 mol % cholesterol, because we wanted to minimize the difference of hydrophobicity caused by different concentrations of cholesterol. Since the FP still adopts an a-helical structure in membranes containing 20 mol % cholesterol, we can still compare the insertion depth of these two conformers. We rapidly froze the samples to avoid structural change during freezing. Solid-state NMR experiments indicate that the low temperature does not change the structure of HIV FP (30).
As shown in Fig. S4 , the 2A zz value for A15R in solution is 73.9 G, but when A15R binds to a membrane containing 0 mol % cholesterol, the 2A zz value decreases to 72.0 G. The 2A zz values in membranes containing 10 mol % and 20 mol % cholesterol are similar to that for 0 mol % cholesterol (71.8 G and 71.7 G, respectively). However, the 2A zz value decreases significantly, to 69.3 G, when the peptides bind to a membrane containing 30 mol % cholesterol, suggesting a significantly more hydrophobic environment for the spin. We attribute this change to deeper insertion.
In Table 2 for those in 20%-cholesterol membranes, which indicates deeper insertions for all three spin-labeled positions. However, the difference for I4R is significantly smaller than those for A15R and A21R. This may indicate that I4 is located in a shallower position than are A15 and A21. The b-sheeted conformer may insert into the membrane with a tilt angle, with its C-terminus inserting deeper than its N-terminus, which is consistent with an FTIR study on the insertion angle of b-sheeted HIV FP (31).
DISCUSSION
The order parameter S 0 represents the axial ordering of lipid molecules in bilayers, which originates from the lateral restoring torques exerted on each lipid molecule by its neighboring lipid molecules. The restoring torque is associated with an orienting potential in the bilayer and is minimized when the angle between the primary axis for a chain segment (or a headgroup) and the normal to the bilayer is equal to zero. The restoring torque is related to, but different from, the lateral pressure that is frequently cited (32,33). The restoring torque induces reorientation of the lipid molecules, whereas the lateral pressure induces their compression. Molecular interactions between lipid molecules are dominated by van der Waals forces in the acyl-chain region and by ionic forces generated by hydrogen bonding in the headgroup region.
We found that the fusogenicity of the HIV FP is strongly correlated with the membrane ordering induced by the FP. The nonfusogenic V2E mutant has a much smaller effect on the order of the headgroup region, and it has basically no effect on the ordering of the hydrophobic region. Its lack of fusogenicity strongly suggests the importance of membrane ordering for membrane fusion. Previous studies have shown that influenza FPs increase membrane order, and that the ordering effect is required for their fusogenicities (10, 11) . Therefore, the membrane ordering effect appears to be a general phenomenon for the FP-mediated membrane fusion in viral entry.
The plasticity of HIV FP is a key feature that differentiates the HIV and influenza FPs. Although influenza HA FP takes on different structures at different pH values and environments, either a boomerang shape (34) or a tight hairpin (35) , it adopts a mainly helical structure. This difference is significant, but not as large as that seen for HIV gp41 FP. Although the membrane fusion associated with HIV viral entry is triggered by ligands, i.e., the receptors and coreceptors on the target membrane, instead of by acidity, the structure of HIV FP is not affected by pH in the physiological range. However, the structure of HIV FP is strongly affected by the lipid composition, especially the concentration of cholesterol. Its structure changes dramatically, from a-helix at low cholesterol concentration to b-sheet at high cholesterol concentration (i.e., >30%). Thus, the mechanism of HIV FP-mediated membrane fusion is more complex than that of the influenza FP-mediated membrane fusion.
The HIV FP-induced ordering effect on the membrane is strongly correlated with the secondary structure of HIV FP. In Fig. 5 , we show several key factors together to better compare the structure, fusogenicity, and membrane perturbation at different cholesterol concentrations. More parameters are listed in Table 1 . The b-sheet percentage of the FP and the lipid mixing rate with the unit %/s were calculated from CD and FRET experiments in a previous study (13) , in which fusogenicity was examined by a lipid mixing experiment. The addition of FP induces lipid mixing between these two vesicles, and the fusion between the membranes can be monitored by increased fluorescence intensity due to the increase in distance between the FRET donor and receptor pairs because of membrane fusion. Two parameters can be drawn from such an experiment. The lipid mixing ratio is the ratio of the final fluorescence intensity increase after peptide induction to the fluorescence intensity increase when detergent is added into the system and totally disrupts the membrane. Thus, it reflects the extent of FP-mediated membrane fusion. The lipid mixing rate is the initial rate of the lipid mixing induced by the FP, defined as the intensity increase per second. Thus, it reflects the dynamics of the membrane fusion.
Although the difference of the lipid mixing ratio (in Table 1 ) for membranes containing different cholesterol Values of 2A zz for I4R, A15R, and A21R were calculated from X-band CW-ESR spectra recorded at 90 K.
FIGURE 5
Comparison of the b-sheet % (white columns), lipid mixing rate (gray columns), and DS 0 for DPPTC (squares), 5PC (circles), and 14PC (triangles) with FP binding at 10 Â 10 À3 P/L ratio at 37 C in membranes containing 0%, 10%, 20%, and 30% cholesterol.
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concentrations is substantial, the difference for the lipid mixing rate is more significant. That is, there is not much difference between the lipid mixing rate for membranes containing 0 mol %, 10 mol %, and 20 mol % cholesterol, but the rate for a 30 mol % cholesterol membrane is much higher. The membrane fusion fusogenicity is well correlated with structural differences. This indicates that even though both helical and b-sheeted structures induce membrane fusion, the b-sheeted conformer functions in a faster and more efficient way than the a-helical conformer.
We found in this ESR study that the HIV FP perturbs the membrane order in two ways, which correspond to its two different conformations. The a-helical conformers affect the membrane order in the headgroup and upper hydrophobic regions, whereas the b-sheeted conformers affect the membrane order in the headgroup and both the upper and lower hydrophobic regions. The mode of perturbing the membrane for the a-helical conformer is similar to that of the influenza FP. This may not be surprising, since they both adopt a-helical structure and insert modestly into the membrane (13,23,29,34).
The b-sheeted conformer increases the ordering of the headgroup and the upper hydrophobic region to a greater extent than does the a-helical conformer, and its ordering effect reaches more deeply into the hydrophobic region. The facts that both a-helical and b-sheeted conformers promote membrane fusion and both perturb membrane structure in the hydrophobic region suggest that the ordering effect is a prerequisite for membrane fusion. However, their fusogenicities are well correlated with the extent and depth of the ordering effect. The finding that the b-sheeted conformer inserts more deeply into the membrane is consistent with low-temperature solid-state NMR studies on b-sheeted HIV FP (36) and electron ESR studies on a-helical HIV FP at RT (13) .
Our results are consistent with previous studies on influenza HA FP and the TMD of HA by ESR (10, 19) and FTIR (11, 24 ) and on HIV FP by fluorescence anisotropy (37) . However, they would appear to be different from the x-ray diffraction study (38) (see also the FTIR work (31)), which indicates a disordering effect on the lipid acyl chain. First, we note that the ESR experiments have all been performed on vesicle dispersions, whereas the x-ray study was on oriented multilayers. Since vesicle dispersions are randomly oriented throughout the sample, the ESR experiment senses a uniform distribution of local directors but enables us to measure the magnitude of the local ordering, S 0 . This is the essence of the microscopic-order-macroscopic-disorder model (14) . Thus, the effect of FP insertion could disrupt the macroscopic alignment of oriented multilayers, but such directional disruption is not detectable in the ESR experiment on multilayers; only the order parameter, S 0 (and S 2 ), is detectable, which may still increase despite local mosaicity introduced in terms of the direction of ordering. Second, the difference might also be generated by differences in composition of the lipid and the P/L ratio in the experiments, as well as the timescale of the methods. For example, in x-ray diffraction, the peptides are trimerized and the P/L ratios are 48 Â 10 À3 and 144 Â 10 À3 for FP monomers, which is much greater than in our experiments. The lipid in the x-ray experiment generally lacked negatively charged lipid, except for the very complicated LM3 mixture (i.e., POPC/POPE/POPS/PI/SM/Chol 10:5:2:1:2:10), in which the FP does not have well-defined secondary structure.
The increase of S 0 is attributed to a dehydration effect (16) . Dehydration of bilayers is the process of loosely bound water moving from the interbilayer region to the bulk water phase. It has been suggested that the hydrophobic interaction between exposed acyl chains in the region of closely apposed membranes is responsible for the attractive forces between the fusing membranes, and that the exposure of the hydrophobic interior of the bilayers is caused by stresses in the bilayers (39, 40) . Thus, dehydration is the required step to remove the energy barrier between two membranes and allow them to come into proximity.
When the FP binds to the outer leaflet of the host membrane, the outer layer becomes more condensed and more solidlike, which tends to shrink its area. Since the two monolayers are mechanically coupled, as they cannot slide relative to each other, condensing the outer layer will generate a compressive force on the inner layer and thus promote a negative curvature of the membrane. Both theoretical schemes to explain membrane fusion and experimental results suggest that the membrane fusion efficiency is affected by membrane curvature, which may be related to stalk intermediate formation (41) (42) (43) (44) . Thus, a greater dehydration effect generates greater negative curvature and increases the efficiency of membrane fusion, which explains why b-sheeted conformers possess high fusogenicity (Fig. 6) . In Fig. 6 , we draw the FP in b-sheet conformation FIGURE 6 Schematic representation of the modes of HIV gp41 FP insertion into lipid bilayers, and its effects on membrane order and fusion activities. The FP in b-sheet conformation is represented as a trimer simply because gp41 is a trimer. Its real stoichiometry during the membrane fusion process has not been confirmed. FP conformations shown are a-helical (red), b-sheet (green); the gp41 ectodomain is black.
as a trimer simply because gp41 is trimeric. Its real stoichiometry during the membrane fusion process has not been confirmed.
HIV viral entry has been shown to require high cholesterol concentration, as the depletion of cholesterol greatly reduces the infection rate (45) . It has also been shown that the target membrane for HIV viral entry is the endosomal membrane, which has higher cholesterol concentration than plasma membranes (46) . In the cell membrane, the cholesterol does not distribute uniformly, and it often concentrates around a raft region (47) . HIV FP has a tendency to associate with rafts, but this should not be directly relevant for our study using model membranes. It is possible that in the physiological scenario, most of the FPs associate with the raft and form the b-sheeted conformation and fewer FPs are in the nonraft lipid domain and remain in the a-helical conformation. This distribution would increase the overall lipid mixing rate.
The possible transition between a-helical structure and b-sheet structure is suggested to occur in the fusion process (13, 41) . In the scenario of membrane fusion mediated by full-length gp41, the transition is more plausible. Interaction between the TMD and FP of influenza HA (48, 49) and HIV gp41 (50) has been reported. In our study, we found that spin labels in membranes with simultaneous binding of TMD and FP of HIV gp41 exhibit a different line shape compared to those from membranes with TMD or FP alone (unpublished data), which strongly suggests the importance of TMD-FP interaction in membrane fusion. It is rational to postulate that the FP interacts with the TMD in an a-helical structure. The TMD of influenza HA also induces a highly ordered domain in the membrane. Therefore, a transition from the b-sheet conformation to the a-helix conformation will be facilitated by the TMD. The initialization of lipid mixing and finalizing the pore opening could be mainly achieved by the two different conformations: the b-sheet conformation is better for lipid mixing, and the a-helix conformation is better for pore opening through interacting with the TMD.
CONCLUSIONS
We found that the binding of HIV gp41 FP to POPC/POPG bilayers containing various cholesterol concentrations increases the order of the headgroup and the acyl chain regions. The b-sheeted conformer, which is dominant in membranes containing R30 mol % cholesterol, has a greater and deeper membrane ordering effect than the a-helical conformer, which is dominant in membranes containing <30 mol % cholesterol. This is correlated with their fusogenicities. The increase of lipid ordering suggests a dehydration effect that is required for the initiation of viral membrane fusion. This increase in ordering upon binding of HIV FP is similar to that previously observed for influenza HA FP, suggesting that membrane ordering is a common prerequisite for viral membrane fusion. 
SUPPORTING MATERIAL
Figure SF2
Plot of order parameters of DPPTC , 5PC , and 14PC in POPC:POPG:Chol =7:2:1 and POPC:POPG:Chol=6:2:2 mixture versus P/L ratio of HIV FP at 25°C.
Figure SF3
Plot of order parameters of DPPTC, 5PC, and 14PC in LLE lipid mixture versus P/L ratio of HIV FP at 25°C. Figure SF4 ESR Spectra of A21R mutant recorded at 90K. Table S0 g-and A-tensor components used for the simulations Table S1 Rotational Diffusion and Ordering : POPC:POPG=4:1/DPPTC/FP/25°C 
Pulsed ESR Measurements
The spin echo experiments shown in Figure SF1 to measure the relaxation of spin-labeled HIV FP A15R in POPC/POPG membranes containing 0% (A), 20% (B) and 30% (C) cholesterol in 1:200 peptide:lipid ratio were performed at 17.3 GHz and 60K using a home-built Ku-band pulsed ESR spectrometer(1). The phase memory time, T m was calculated by fitting the amplitude of the primary echo vs. time curve using Origin software (OriginLab Corp., Northampton, MA). While the relaxation curves in 30% and 20% cholesterol were well fit using a single exponential decay V(t)=V 0 exp(-2t/Tm), the relaxation curve in 0% cholesterol was best fit by multiplying by another exponential with a cubic in time to yield
, where the latter exponent is due to nuclear spin diffusion and related effects. The T m for 30% cholesterol (T m ≈0.56µs) is over an order of magnitude faster than those for 0% cholesterol (T m1 ≈10.6µs), and five times faster than that for 20% cholesterol T m ≈2.7µs). The shorten T m of the FP in 30% cholesterol membranes is largely due to the modulation of dipolar interactions between spin labels on aggregated peptides. Such a short T m precluded us from observing any dipolar oscillations in the DEER experiments we performed. DEER experiments on 0% and 20% membranes did not show any evidence for dipolar oscillations from static dipolar interactions, as expected when the singly labeled peptides are well separated and in random arrays. Therefore, we do not show any of these uninformative DEER results. 
S0. G-and A-tensor components used for the simulations
